A series of investigations were undertaken to observe and describe the sound backscattering process from larger zooplankton (euphausiids). The target strength versus frequency, size, and aspect angle of the organism was measured. The target strength is highly dependent on the density and sound speed contrasts between the target and the medium, and both these parameters were measured. From the target strength observations it was concluded that the fluid sphere model was insufficient as a scattering model for krill. Observations of the tilt angle distribution of krill at natural field conditions showed that they were distributed over a large region of tilt angles. The deficiencies of the fluid sphere models required the development of a new scattering model based on experimental data. This model predicts a decreasing target strength versus frequency in the geometric scattering region. The backscattering spectra of euphauMids were better described by our empirical model than by the fluid sphere models. Applying the empirical model to estimate size distribution and biomass of krill, we found strong correlation between the acoustically estimated distributions and those from net catches.
INTRODUCTION
Estimation of zooplankton abundance, size distribution, and species composition is important for the understanding of the biological processes and the resources of the ocean. At present, such information is dependent mainly on zooplankton sampling using various types of plankton nets. Net sampling involves a high proportion of inaccuracy due to patchiness, •'2 net avoidance, and clogging2
In acoustic estimation of zooplankton populations essentially two basic approaches have been tried. In the first approach, the data from biological samples, from net and trawl catches, along with acoustic measurements at a single frequency, are used to establish a regression equation. 4 This regression equation is then used to convert measured volume backscattering strength into zooplankton biomass. Extraction of information of size distribution, from the acoustical data, is beyond the scope of this method.
In the second approach, a multifrequency scattering model for the investigated zooplankton species has to be known. The model can be empirical or theoretical. s-a The target strength predicted by these models is generally dependent on the frequency, size, and the density and sound speed contrasts between the organism and the medium. The physical shape of the organisms may also be introduced as a parameter. If the target strength of the zooplankton under investigation is known as a function of both frequency and size and also meets certain criteria for nonsingularity, the size distribution and biomass can be estimated by using a multifrequency sonar system. This article will deal with the second approach. The existing models will be reviewed and an empirical scattering model will be presented.
I. SCA'i-rERING MODELS

A. Volume backscattering
Backscattering of the acoustic intensity from a single target can be described by the backscattering cross section 9
• or the target strength TS. When dealing with backscattering from a volume with many scatterers, the volume backscattering coefficient s, and the volume backscattering strength So are commonly used.
In general, the backscattering cross section of a target is a function of the size, the physical parameters, the orientation of the scatterer, and the frequency of the acoustic system. For euphausiids, it has been experimentally demonstrated that the backscattering cross section is a function of the orientation, only in the head-tail aspect and not in the dorsal-lateral aspect. ?'•ø In real situations, the received backscattered intensity is composed of contributions from many individual organisms, which simultaneously contribute to the total echo. Based on the assumption that the objects are randomly distributed in space, the volume backscattering coefficient so will simply be the sum of the backscattering cross section • of each organism.
If we take into account the relative length-frequency distribution of the scatterers, the volume backscattering coefficient may be written By a fluid sphere, we mcan a spherical particle which can be penetrated by an incident acoustic wave. An implication of the fluid assumption is that only compressional waves exist in the interior of the particle.
In Fig. 1 the Anderson, s Johnson, 6 and Rayleigh •2 models are compared for a fluid sphere of the same size and physical properties. In-the low-frequency region, ka41, the Anderson solution is exactly the same as that derived by Rayleigh. In this region tbe backscattering cross section is highly dependent on tbe frequency (to the fourth power) and the size (to the sixth power) of the scatterer. In the highfrequency region, ka• 1, the geometrical scattering region, the backscattering cross section is a complex function of the frequency, containing several maxima and minima. The minima and maxima in the Anderson model are caused by constructive and destructive interference of the different scattering modes. These phenomena will only occur for partitles of high symmetry such as spheres, cylinders, spheroids, and so forth. Relatively complicated computations must be performed to predict target strength from the Anderson model. The geometry of the zooplankton species we are interested in, copepods and euphausiids, is far fro m a sphere. Therefore, an approximate model for the scattering from zooplankton has been proposed by Johnson. He formulated a function including the first-order approximation at 
Other scatterinff models
In both the Anderson and Johnson models the backscattering cross section is a function of the size of the sphere, its physical properties, and the frequency. In both models, however, the backscattering cross section is independent of the angular orientation of the object, in relation to the incident sound field. This means that it is insufficient to apply such models on directire scatterers. Experimental results reported 7'm that krill are strongly directive scatterers. This suggests that better scattering models would be, provided by ellipsoids, prolate spheroids, and perhaps cylinders. The two size classes of the two different species of krill are physiologically and geometrically quite similar. The biochemical composition and hence, the physical parameters, i.e., the density and sound speed contrasts, are different, as will be discussed later.
In Fig. 2 we have compared the measured target strength versus frequency with that predicted by the Johnson model. The measured target strength in the high-frequency region is about 6 dB higher than the predicted values for both size classes, while, in the low-frequency region, the measured values indicate a resonance at a lower frequency than the predicted transition region. From the Johnson model we find that the predicted target strength difference is 6.6 dB for the two size classes. The measured difference of the mean target strength is about 7-11 dB at all frequencies. Under the assumption of similar scattering properties, the expected difference in target strength should be given by the geometrical cross sections only. This assumption yields a difference of about 3 dB. The remainder is due to differences in the physical parameters between the two krill groups, which will be demonstrated later.
In the acoustic determination of size distribution, the transition region from Rayleigh to geometric scattering should be located. However, our results do not indicate any transition region for the large size class, while for the small size class this region seems to be located at approximately 40 kHz. The model predicts the transition frequencies to be at 48 and 79 kHz for the large and small specimens, respectively. The observed transition region, compared to the prediction from the model, yields a downward shift in frequency of about 50% for the small size class. This may have several causes. An obvious one is that the model treats the interior of the object as a fluid, i.e., ignoring the elastic properties of the object. The effect of the carapace is also omitted. Another cause is the great discrepancy between the spherical geometry of the model and that of the investigated euphausiids which are elongated in shape.
Based on the same relative shift in frequency, the expected transition region for the large size class would be approximately 24 kHz. This is below the frequency region of our experiment, so further conclusion about the validity of this Orientation-dependent target strength of euphausiids is expected. This is caused by the elongated shape of these organisms and the typical wavelengths. Figure 3 shows the normalized target strength of a krill of 43-ram total bodylength versus angle of incidence at three frequencies.
The target strength venus aspect angle shows a relatively well-defined main lobe at the lateral aspect for all three frequencies. As expected, the lobe width increases with decreasing frequency. At other aspects the target strength is rather variable.
B. Measurements of the specific density of euphausiids L The method
The specific density of zooplankton was measured using a calibrated gradient column method.
•? The accuracy of this method is discussed in Kristensen la and is assumed to be within 0.1%.
The individual [frill was anesthetized in a 500/00 NaCI solution, identified, and measured before it was put into the column.
The results and discussion
Density measurements have been performed on the three most abundant krill species in Norwegian fjords. These are Thysnoessa raschii, Thysanoessa inerrnis, and Meganyctiphanes norvegica. The two Thysanoessa species are physically and biochemically similar. Therefore, the results for these two species were combined. The sound speed of zooplankton was measured as described by Greenlaw. 7 It was impossible to identify and measure the length of the number of specimens required by this method and simultaneously keep them alive. We found it of little value to measure the sound speed of dead organisms. Therefore, we had to measure the sound speed contrast on mixtures of the Thysaneessa species, consisting of a. pproximately 50% of each.
The measurements on M. norvegica were done on unmixed samples. The sound speed has not been measured, as a function of length, for any of the species.
Several measuring series were performed on both species ( see Table I In most of our pictures the standard deviation of the tilt angle distribution is estimated to be between 25ø-45 ø . The mean value changes from slightly positive to slightly negative during the day. The sign of the mean value seems to be highly correlated to the migration process of the krill community. The data which will be used in the abundance estimation of krill were all collected when the krill swarms were at their most shallow depth, at midnight, where no vertical migration took place. Thus in our model we will use a Gaussian tilt-angle frequency distribution, with zero mean and a standard deviation of 30 ø , when estimating zooplankton size distribution and abundance. The coefficient C will determine the scattering strength in the high-frequency domain, while the damping constant • determines the Q value of the resonance at the frequencyfo. In our empirical model we want to reflect the functional dependencies of varying density and sound speed contrasts. This can be done by including the constant term of the firstorder approximation of the Anderson model, i.e., in the Rayleigh scattering zone, in the parameter C of Eq. (5). This term is also included in the Johnson model. In the geometric scattering domain the measured backscattering cross sectiens were approximately four times (6 dB) higher than those predicted by the Johnson model. Thus we have to apply a multiplication factor in order to fit the experimental data to our model. This multiplication factor might be considered as a correction factor to account for the influence of the carapace and is put equal to four. The expression for C of Eq. (5) can now be written as a function of the density contrust g and the sound speed contrast h, i.e.,
IlL ESTIMATION OF SIZE DISTRIBUTION AND
C=4( l--gh2 t-1--g'•2 3gh 2 I q-2g ] '
The equivalent radius is given by Eq. (3). From our data we find that a proper value of 8 is between 0.5 and 0.7. In this work we will use 8 = 0.5.
The last factor to be determined in Eq. (5) is the resonance frequencyfo. We concluded previously that the measured resonance frequency was shifted downward, in frequency, to about 50% of the predicted transition region from the fluid sphere model. Thus we will let the resonance frequency be determined by/ca = 0.5, which gives fo = c/ 4rra.
In order to make reliable estimates of the zooplankton abundance it is necessary to include the directional characteristics of the scattering from krill in our empirical model. Our complete empirical model will thus be given by Eqs.
(:5)-(8).
Our experimental data along with the predicted target strength from our empirical model are shown in Fig. 6 . The experimental results of Greenlaw's ? investigation are also shown in Fig. 6 . In his paper, Greenlaw mentioned that the peak values are probably the best estimates of the target strength.
From Fig. 6 we find that our empirical model fits the available experimental data on krill quite well, both for the 27-mm bodylength krill of our work, and for the 20-ram bodylength krill of Greenlaw's work. The accordance between the model's measurements and ours, on the 40-ram bodylength krill, is poorer, but the target strength, in the high-frequency region, is much better predicted by our model than by any of the fluid sphere models.
In Figs. 7 and 8 the mean target strength versus frequency ofa krill of 40-mm length, as computed from Eq. (1), is given. In Fig. 7 the spatial orientation was modeled by a Gaussian tilt-angle distribution with a mean value of 0. and various standard deviations. In Fig. 8 In the literature, diurnal variation of the mean volumebackscattering strength has been reported by Everson. 24 He measured a change in the volume-backscattering strength, at 120 kHz, of up to 8.5 dB between day and night, with the highest strengths occurring during the daytime. The observed krill size was approximately 44 mm. Everson observed that, during the daytime, the krill were aggregated into compact swarms, while during the night they were dispersed in the water. Thus it is probable that the orientation distribution changed from night to day and that the standard deviation is larger in dispersed-plankton swarms than it is in more aggregated swarms. If we assume a Gaussian orientation distribution, with zero mean at both day and night, we find, from The choice of the NNLS algorithm, as our inversion method, was motivated by the relatively low signal-to-noise ratio we achieved with the acoustic system, the inherent instability in the inversion problem, and its usefulness for both under-and over-determined problems, i.e., for both I> M and I<Min Eq. (9).
Results and discussion
The results are given mainly to indicate the influence of the different scattering models on the estimated size distribution, rather than to give a comprehensive validation of the method or one of the models.
The species composition were similar in all net samples analyzed. Hence, we assume that the plankton layer, on Fig. 10(c) scattering models, which do not take into account this observation, the result will be a size distribution containing size classes with too large a bodylength.
If we apply our empirical model, we obtain the results illustrated in Fig. 10(e) . This distribution contains two size groups with about a 6-and a 16-ram bodylength. There is good accordance between this size distribution and the results from the trawl samples. The most distinct discrepancy is the lack of a size group with a 32-mm mean bodylength. However, this size group contains very few spedmens and will, therefore, only be responsible for a small contribution to the total volume-backseattering strength. In addition, the estimated resonance frequency, for a krill with a 32-ram bodylength from our empirical model, will be at 32.5 kHz, which is at the very low end of the frequency range of our measuring equipment. Thus our measuring equipment is not sufficient for the measurement of zooplankton with a bodylength larger than 30 min.
Based on the acoustically derived size distribution, our empirical model, the vohme-length relation, and the measured specific density, we may compute the biomass per m 3. The result is given in Table III The measurements of the specific density ofkrill showed that the density contrast was a function of the bodylength of the organisms. The measurements of the sound speed yielded different value s of the sound speed contrast for the species Observation of the tilt-angle distribution, of free-swimming krill at sea, showed that krill were distributed over a large region of tilt angles. Sinck krill are directive scatterers, this fact must be taken into account when reliable abundance estimates are done using acoustical methods.
Our empirical modal predicts a decreasing target strength versus frequency in the geometric scattering region which is consistent with reported results in the literature on other species of marine free-swimming zooplankton. The parameters of the model were determined by a best fit procedure. The observed directivity of krill was also included in the model. We conclude that the backscattering spectra of zooplankton are better described by our empirical model than by the fluid sphere models. Adjustments of the parameters of the model may be necessary when other zooplankton species are concerned. Using the empirical model, the dominant size groups from the trawI catches were present in the acoustically estimated size distribution.
